Copyright © 2015 Wolters Kluwer Health, Inc. Background: Perinatal use of combination antiretroviral therapy dramatically reduces vertical (mother-to-child) transmission of HIV but has led to a growing population of children with perinatal HIV-exposure but uninfected (HEU). HIV can cause neurological injury among children born with infection, but the neuroanatomical and developmental effects in HEU children are poorly understood. Methods: We used structural magnetic resonance imaging with diffusion tensor imaging to compare brain anatomy between 30 HEU and 33 age-matched HIV-unexposed and uninfected (HUU) children from Thailand. Maps of brain volume and microstructural anatomy were compared across groups; associations were tested between neuroimaging measures and concurrent neuropsychological test performance. Results: Mean (standard deviation) age of children was 10.3 (2.8) years, and 58% were male. All were enrolled in school and lived with family members. Intelligence quotient (IQ) did not differ between groups. Caretaker education levels did not differ, but income was higher for HUU (P < 0.001). We did not detect group differences in brain volume or diffusion tensor imaging metrics, after controlling for sociodemographic factors. The mean (95% confidence interval) fractional anisotropy in the corpus callosum was 0.375 (0.368-0.381) in HEU compared with 0.370 (0.364-0.375) in HUU. Higher fractional anisotropy and lower mean diffusivity were each associated with higher IQ scores in analyses with both groups combined. Conclusions: No differences in neuroanatomical or brain integrity measures were detectable in HEU children compared with age-matched and sex-matched controls (HUU children). Expected associations between brain integrity measures and IQ scores were identified suggesting sufficient power to detect subtle associations that were present. 
About 1.5 million HIV-infected women annually are in need of antiretroviral medication for the prevention of mother-to-child transmission (PMTCT) of HIV 1 . PMTCT programs have achieved enormous success in decreasing HIV infection among children across the world. In 2012 alone, about 900,000 women in low-or middle-income countries received necessary ART 1 .
Overall,mother-to-child transmission decreased from 35% without treatment to <1% in the US and 3-4% in developing countries [2] [3] [4] . As a consequence, there is a growing international population of children who are HIV-exposed but uninfected (HEU). For these children, the developmental and neuroanatomical outcomes are poorly understood.
In adults, HIV enters the central nervous system (CNS) soon after infection 5 . In both children and adults, once in the CNS, HIV instigates an inflammatory cascade with neuronal dysfunction, and among children, leads to neurodevelopmental deficits 6, 7 . There are consistent neurologic, developmental, cognitive and language deficits in HIV-infected children, and these impairments increase with disease severity [8] [9] [10] . Studies examining neurodevelopment among HEU compared to HIV-unexposed and uninfected (HUU, "control") children have inconsistent findings that can typically be explained by variations in study design or incomplete consideration of maternal, caregiver, or other environmental factors critical to development 9, 11 . One study noted a greater frequency of mental, motor and language expression developmental delays in HEU (and other children in affected households) than HUU 12 . Another failed to identify neurodevelopment differences in the first two years of life 13 , while yet others find subtle differences 14, 15 for which the clinical meaning is unclear. A further evaluation into the neuroanatomical mechanisms potentially affected is therefore needed.
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Structural deficits, including cortical and corpus callosum thinning, are frequent in HIV-infected adults as is widespread tissue loss affecting gray and white matter (WM) volumes 16, 17 .
Published studies in children suggest a greater frequency of physical brain damage for vertically infected children than that typically reported among HIV-infected adults 18 . In the absence of treatment, cortical atrophy with ventriculomegaly (dilation of lateral ventricles), basal ganglia calcification and WM lesions have been observed 19, 20 .
Diffusion tensor imaging (DTI) offers additional insight into WM microstructure and organization by tracking the diffusion of water molecules through WM tracts of the brain 21 . Two of the most common measures derived from the tensor representation of DTI scans include fractional anisotropy (FA) and mean diffusivity (MD). Anisotropy and diffusivity parameters from DTI are altered by differences in myelination, WM organization and inflammation 22 . FA is a normalized measure (ranging from 0 to 1) describing the anisotropic (or non-uniform) degree of water diffusion; higher FA may reflect greater myelination, for example. MD is the average magnitude of diffusive motion in all directions -a higher MD reflects less constrained motion, possibly brought on by damage to the WM. Axial diffusivity (AD) and radial diffusivity (RD) are evaluated to provide greater detail on by measuring water diffusivity parallel or perpendicular to the principal direction of the local dominant fiber orientation, respectively.
Abnormal diffusion along the axon (AD) may represent axonal injury, but increased RD may represent loss of myelination 23, 24 . To this extent, these DTI measures are employed in clinical populations as surrogate markers of pathology and change over time. They provide invaluable insights into the architecture of normal WM development in healthy populations 25, 26 . In one of the few studies of HIV-infected children, DTI differences were seen in the corpus callosum with Similar deficits are reported in adults [28] [29] [30] . To date, no studies have examined the gross and microstructural brain differences in HEU compared to HUU children.
Here we sought to examine whether abnormalities are detectable through maps of local volumetric differences and WM microstructure in HEU children compared to age-and sexmatched HUU children HUU. Anatomical differences, if found, could be a foundation for future neurodevelopmental deficits whereas an absence of measurable differences could provide some guidance to practicing clinicians. To ensure our power to detect associations between DTI measures and cognition, we further sought to demonstrate correlations between WM microstructure and neuropsychological performance among these children. We hypothesized that higher neuronal integrity should reflect more mature neuronal development and be positively associated with better neuropsychological testing performance 31, 32 .
MATERIALS AND METHODS
Participant selection: Enrollment in this substudy was designed to provide two control groups (HUU and HEU) for the Pediatric Randomized Early vs. Deferred Initiation in Cambodia and Thailand (PREDICT Cohort study 33 , an ongoing investigation of HIV-infected children.
Children from the HEU and HUU arms were recruited from: (1) siblings of the HIV-infected children enrolled in the PREDICT study; (2) children born to HIV-infected mothers at the PREDICT study sites; and (3) well-child clinics in hospitals associated with the respective study sites. Thirty-one HEU and thirty-three HUU children were enrolled and matched by age and sex to the HIV-infected children in the PREDICT study. All children satisfied the following inclusion criteria: (1) age <18 years; (2) implemented in Thailand, and thus were less likely exposed to ART.School attendance was unavailable for two children (1 HEU and 1 HUU), caregivers' education level was unavailable for three children (2 HEU and 1 HUU), and caregiver income was unavailable for two children
(1 HEU and 1 HUU). All children completed age-appropriate neuropsychological assessments as previously described 14, 15 . 40 . DWI were corrected for head motion and eddy current distortions using the FSL eddy_correct tool. To correct for echo-planar imaging induced susceptibility artifacts, b 0 images were linearly aligned and then elastically registered to their respective down-sampled T1-weighted structural scans as previously described 41, 42 . Gradient vectors were corrected to account for the linear registration. All images were visually inspected for quality; both DWI sets were concatenated to boost the signal-to-noise when estimating diffusion parameters. A diffusion tensor was modeled at each voxel to calculate scalar anisotropy and diffusivity maps using FSL 43 .
Brain-wide image analyses: Detailed procedures can be found elsewhere 28 . Briefly, using 36
maps from a mix of HUU and HEU children, a study-specific minimal deformation template (MDT) was created for T1-weighted images and FA images, as previously described 44 . Each child's pre-processed T1-weighted scan was then linearly and elastically registered to the T1-Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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weighted MDT and a 3D Jacobian expansion factor map was created, the tensor based morphometry map (TBM) used to characterize local volumetric differences. A similar process was conducted for FA-based registration. To further ensure alignment of WM across subjects, we applied a second round of registrations, where the regions of low FA (FA<0.2) were removed from the subjects' maps and the MDT before registration. The resulting FA-based deformation fields were applied to all DTI maps including FA, MD, AD and RD (as described above) to ensure all maps are in the same space.
Statistical Analysis:Voxelwise regression models were used to test for effects of HIV exposure as well as neuropsychological score associations with structural variations in TBM maps and DTI measures (FA, MD, RD, and AD). We adjusted for imaging site and both the linear and non-linear effects of age and sex. We controlled for education level of the primary caretaker (greater than elementary school level or not) and caregiver income (below, at, or above average).
As there are three groupings for income level, our regression models used a random effects model grouped by income status. We accounted for total brain volume in morphometry analyses.
Statistical testing of DTI was limited to regions where FA was > 0.2 to exclude gray matter and CSF 45, 46 . Due to a higher level of motion artifacts, the cerebellum and brain stem were not evaluated. We used the false discovery rate (FDR) method to control the false positive rate of each map at q=0.05 47 . Prior studies identified significant associations between HIV serostatus and corpus callosum (CC) FA 27 . To provide effect-sizes to interpret our negative findings, we hypothesized similar relationships in the present sample. We masked the midsagittal CC on the MDT to calculate the average FA for each subject and completed a focused comparison of this value across groups using linear regression. We calculated the standardized mean difference Neuropsychologic test scores were evaluated in a hierarchical manner with both groups combined in a regression model. Full Scale IQ (FSIQ) scores were examined first, then
Performance IQ (PIQ) and Verbal IQ (VIQ) followed by subtests within each domain; each score was tested separately.
RESULTS

Imaging cohort characteristics:
By design, the two groups were similar on most demographic characteristics ( Table 1) . Age ranged from 5 to 15 years with a median of 10.5; about half (58%)
were male. All attended school and had parents or relatives as caretakers. Children in the HEU group were more likely to live in an environment with lower caregiver income. No differences were observed in neuropsychological test scores between HEU and HUU children.
Brain structure of HEU compared to HUU children
We did not identify structural brain differences between HEU and HUU children. No volumetric differences met our criteria for significance across the entire brain. Similarly, we did not identify differences in WM integrity measures observed with DTI, including FA, MD, RD and AD. We 
Association between DTI and neuropsychological test performance
No associations were found between neuropsychological test performance and brain volume by TBM. However, DTI measures were significantly associated with FSIQ and PIQ but not VIQ (Table 2) . Positive associations were found for FA with PIQ, while negative associations were found between both MD and RD with Full and Performance IQ (Figure 2; Figure 3 ). No associations were significant with VIQ. All FA maps showed direct associations with IQ while all diffusivity maps showed an indirect association. While RD showed in general strong associations, minimal associations were seen with AD (Figure 2; Figure 3 ).
As an exploratory investigation of specific intelligence measures, we assessed the effects of Perceptual Organization Index, Processing Speed Index and Freedom From Distractibility Index on brain microstructure ( Table 2) . We did not assess the Verbal Comprehension index or TBM measures as they were not significant in primary models. The largest effects were seen with performance and perceptual organization scores, and not with verbal intelligence or processing speed. The strongest effects for these were found in negative associations with RD and MD in theinternal capsule, cingulum and optic/temporal regions including the uncinate andthalamic radiations. Positive FA associations were found in the corpus callosum, in particular the splenium.
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DISCUSSION
Here we compared brain structure and WM microstructure between groups of HEU and carefully age-and sex-matched HUU children. Brain volume and WM microstructural integrity were similar among children of similar ages, independent of HIV exposure. This study complements prior reports of no detectable differences in neurodevelopment between HEU and HUU children 13 . Our previous findings in the full sample (not only imaged children) demonstrated small, although statistically significant group differences in neuropsychological test performance 14, 15 ; our current study mapping the neuropsychiatric scores across the brain enables us to observe the neuroanatomical pathways where these group differences may reside. However, the clinical significance of our previous findings remains unclear.
Despite the absence of neuroanatomical differences by group, subsequent analysis found statistical significance in analyses of microstructural variation associated with age and neuropsychiatric test scores of intellectual ability, as would be expected among developing children 48 . These findings add confidence that our methodologies had sufficient power to detect associations between brain measures and cognition. DTI studies of similar age groups and with similar or smaller sample sizes have successfully identified microstructural abnormalities in children with neurogenetic disorders 49 or behavior problems 50 . The differences observed in these studies highlight the power of DTI to identify neuroanatomical changes associated with childhood conditions and adds confidence that we had the power to identify differences in the current study.
The strength of evidence for a negative finding -in this case that there is no strong brain difference between groups -is restricted by the available sample size. The CC measure demonstrates tight overlap of confidence intervals between groups, and a small effect size, so
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groups differences in mean FA levels, are small if present at all. If differences exist, they may be smaller than necessary to be clinically meaningful. Consequently, these findings are reassuring for clinicians caring for HEU youth; but continued monitoring for long-term neurological effects remains essential, particularly as these children enter later adolescence.
Non-verbal IQ measures are associated with DTI measures of WM microstructure in cognitively normal children and in young adults 48, 51 . In all of these studies, a higher intelligence score was generally associated with higher FA and lower MD, reflecting "more intact" WM fibers. Our study similarly found markers of greater microstructural integrity associated with higher neuropsychological performance in tracts previously identified in DTI studies of IQ 48, 51 including the internal capsule and optic/thalamic radiations. We also explored specific subtests that may be reflected in the structure of the developing brain. We found greater IQ associations with radial than axial diffusivity, suggesting a greater influence of myelination than axonal development on IQ. Our findings suggest that DTI measures could be reliably used to monitor neurodevelopment in HEU children.
This study focused on children aged 5-15 years in Thailand with caregiver consent to participate and therefore our results may not be generalizable to all HEU children globally where nutritional and environmental issues may differ. Also, we did not have information on the maternal history, known did not identify adverse neurodevelopmental outcomes among children exposed to ART in utero 52 . Other studies evaluating developmental differences in HEU children have shown minimal effects of ART. Mental and motor functioning was not lower in a large cohort of ART exposed children compared to unexposed children in the United States 54 . While substance abuse (and not ART) affected cognitive outcome in one study 55 , no evidence was found for association of prenatal drug use with neurological deficits in another 56 . In contrast, neuroimaging studies of the effects of perinatal exposure to heavy alcohol and drug use on the brain have identified abnormalities in the structure of the developing brain [57] [58] [59] .
We imaged 63 children living in resource-limited regions of Thailand with MRI and DTI to examine potential differences in the neuroanatomical organization and microstructural integrity associated with prenatal exposure to HIV. We found no significant differences between brain volumes or microstructure associated with HIV exposure supportive that if differences exist, they are likely of limited magnitude and unlikely to manifest as clinically meaningful developmental differences. We also confirm a positive association between microstructural integrity and neuropsychological testing performance among children in Thailand. Our study investigated children only into early adolescence; continued longitudinal monitoring of HEU children would be necessary to determine whether these findings hold through later stages of neurodevelopment.
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